Two recently completed phase 3 trials (003 and 004) showed fidaxomicin to be noninferior to vancomycin for curing Clostridium difficile infection (CDI) and superior for reducing CDI recurrences. In both studies, adults with active CDI were randomized to receive blinded fidaxomicin 200 mg twice daily or vancomycin 125 mg 4 times a day for 10 days. Post hoc exploratory intent-to-treat (ITT) time-to-event analyses were undertaken on the combined study 003 and 004 data, using fixed-effects meta-analysis and Cox regression models. ITT analysis of the combined 003/004 data for 1164 patients showed that fidaxomicin reduced persistent diarrhea, recurrence, or death by 40% (95% confidence interval [CI], 26%-51%; P < .0001) compared with vancomycin through day 40. A 37% (95% CI, 2%-60%; P = .037) reduction in persistent diarrhea or death was evident through day 12 (heterogeneity P = .50 vs 13-40 days), driven by 7 (1.2%) fidaxomicin versus 17 (2.9%) vancomycin deaths at <12 days. Low albumin level, low eosinophil count, and CDI treatment preenrollment were risk factors for persistent diarrhea or death at 12 days, and CDI in the previous 3 months was a risk factor for recurrence (all P < .01). Fidaxomicin has the potential to substantially improve outcomes from CDI.
Two recently completed phase 3 trials (003 and 004) showed fidaxomicin to be noninferior to vancomycin for curing Clostridium difficile infection (CDI) and superior for reducing CDI recurrences. In both studies, adults with active CDI were randomized to receive blinded fidaxomicin 200 mg twice daily or vancomycin 125 mg 4 times a day for 10 days. Post hoc exploratory intent-to-treat (ITT) time-to-event analyses were undertaken on the combined study 003 and 004 data, using fixed-effects meta-analysis and Cox regression models. ITT analysis of the combined 003/004 data for 1164 patients showed that fidaxomicin reduced persistent diarrhea, recurrence, or death by 40% (95% confidence interval [CI] , 26%-51%; P < .0001) compared with vancomycin through day 40. A 37% (95% CI, 2%-60%; P = .037) reduction in persistent diarrhea or death was evident through day 12 (heterogeneity P = .50 vs 13-40 days), driven by 7 (1.2%) fidaxomicin versus 17 (2.9%) vancomycin deaths at <12 days. Low albumin level, low eosinophil count, and CDI treatment preenrollment were risk factors for persistent diarrhea or death at 12 days, and CDI in the previous 3 months was a risk factor for recurrence (all P < .01). Fidaxomicin has the potential to substantially improve outcomes from CDI.
Clostridium difficile infection (CDI), mainly precipitated by antibiotic treatment, has become an increasingly severe healthcare-associated infection with markedly changed epidemiology during the past decade [1] . [1] [2] [3] , a higher proportion of severe disease [2, 3] , reduced response to metronidazole treatment [4] [5] [6] , and higher mortality [3, 5] . These features were first evident in North America but became prominent in Europe shortly thereafter. CDI prevention programs have become an intense focus for hospitals, with some evidence of success [7] . However, CDI treatment is an ongoing challenge as up to 20% of cases fail on currently recommended treatment with oral metronidazole or vancomycin (the only US Food and Drug Administration [FDA]-licensed therapy) [6, 8, 9] . More troubling is the high proportion of patients (20%-30%) who relapse after treatment, some repeatedly [10] .
Fidaxomicin is a first-in-class macrocyclic antibiotic with advantages over other drugs used to treat CDI [11] and thus the potential to improve CDI treatment. It is more active in vitro against C. difficile strains including NAP1/BI/ 027, has little activity for inhibiting other bowel flora species (both in vitro and in vivo), and achieves very high fecal concentrations with minimal systemic absorption [11] [12] [13] [14] [15] [16] . Fidaxomicin has been evaluated in 2 large double-blind randomized noninferiority trials (studies 003 and 004), as required for licensing. The first trial (study 003) showed fidaxomicin to be noninferior to vancomycin for cure in 629 participants, but with significantly lower recurrence rates than vancomycin for non-NAP1/BI/027 strains [17] . The second trial (004) investigating 535 patients has been recently reported and shows similar results [18] .
Combining the data from both studies provides an opportunity to undertake post hoc intent-to-treat (ITT) time-to-event exploratory analyses with increased power, particularly with regard to early treatment effects, differences in treatment effects between subgroups on different outcomes, and an investigation of risk factors.
METHODS

Study Design
Both prospective, multicenter, double-blind, randomized, parallelgroup trials followed the same protocol and were conducted in accordance with the principles of the Declaration of Helsinki and Good Clinical Practice. Both study protocols and amendments were approved by institutional review boards at all centers.
Study 003 recruited from 62 sites (United States and Canada), and study 004, from 86 sites (41 from the United States and Canada and 45 from 7 European countries). In both studies, participants were eligible if they were aged ≥16 years with CDI defined as diarrhea with >3 unformed stools in the 24 hours before randomization and C. difficile toxin A, B, or both detected in stool. Participants could have received up to 4 doses, but no more than 24 hours of treatment, of vancomycin or metronidazole before randomization. Participants were excluded if they received other CDI-active antibiotics (eg, oral bacitracin, fusidic acid, or rifaximin), presented with fulminant disease (eg, toxic megacolon), and had known inflammatory bowel disease, >1 CDI episode in the previous 3 months, or previous exposure to fidaxomicin. (See [17] supplement for further exclusion criteria.) Microbiological testing for C. difficile toxin was performed at individual study sites according to their own certified testing procedures (mostly enzyme immunoassay [EIA] tests). A rapid EIA test (Meridian Bioscience, Inc, Cincinnati, Ohio) was provided by the trial; in sites where this was used, all results were confirmed by the standard laboratory test. Stools were cultured and typed as previously described [17] .
After providing informed consent, participants were randomized to receive 10 days' oral therapy as either 200 mg of fidaxomicin every 12 hours with intervening matching doses of placebo or 125 mg of vancomycin every 6 hours. Capsules containing drug or placebo were indistinguishable. Randomization was stratified according to whether the current CDI was a first ( primary infection) or second (first recurrence) episode within the 3 months before enrollment and by study site.
Clinical cure was defined as resolution of diarrhea (≤3 unformed stools for 2 consecutive days) maintained for the subsequent duration of therapy with no further requirement for CDI therapy assessed 2 days after the end of the 10-day blinded treatment course (the primary posttreatment assessment). Clinical failure was defined as the persistence of diarrhea, need for additional CDI therapy, or both. Participants meeting criteria for clinical cure were followed up for 28 days after the end of treatment for a final trial assessment (36-40 days after randomization). Global cure was defined as clinical cure without subsequent recurrence, with subsequent CDI recurrence defined as the reappearance of >3 unformed stools in any 24-hour period with C. difficile toxin A or B (or both) detected and a need for CDI retreatment, and prompting a full trial assessment. "Global cure" is identical to "sustained response" as defined by the FDA.
The primary efficacy endpoint was clinical cure in the modified ITT (mITT) and per-protocol populations at the end-oftherapy assessment as previously described [17] , with a 10% noninferiority margin. Secondary efficacy endpoints were CDI recurrence and global cure as defined previously. In all these prespecified analyses, early withdrawals and deaths were treated as failures (not successes). Safety was evaluated as described for study 003; results were similar (not shown).
Statistical Analysis
The primary and secondary efficacy endpoints in both studies were analyzed according to a meta-analysis of these outcomes using fixed-effect models. The endpoints were presented as the poor outcomes, namely, "no clinical cure" (converse of clinical cure), "no global cure" (converse of global cure), and "recurrence," so that relative risks for fidaxomicin versus vancomycin of <1 consistently indicate reduced risk for poor outcome with fidaxomicin.
A post hoc exploratory time-to-event ITT analysis of the composite endpoint persistent diarrhea (equivalent to no clinical cure) or CDI recurrence or death was undertaken across both studies. This differed from the mITT analysis by only (1) including all randomized patients, censoring those who never took a dose of trial medication at 0.5 days; (2) censoring patients who were last clinically assessed before 8 days following the start of treatment, providing that they were not known to have died subsequently before 40 days from randomization (in which case their failure time was the date of death); (3) censoring patients last seen <33 days after the start of treatment, but cured at their posttreatment assessment as their last assessment (as the earliest posttreatment assessment occurred at 8 days and the FDA recommends that to be assessed as sustained response [global cure], patients should be followed up for 25 days posttreatment); and (4) considering patients who were last seen ≥33 days following treatment initiation, but were cured, as cured (ie, censored) on day 40.
Subgroup analyses of persistent diarrhea, recurrence, or death in the combined data were conducted for 6 baseline factors considered in the original study 003 publication (mild vs moderate vs severe disease [mild disease defined as 4-5 unformed stools per day or white blood cell {WBC} count ≤12 000/μL; moderate disease, as 6-9 unformed stools per day or WBC count of 12 001-15 000/μL; severe disease, as ≥10 unformed stools per day or WBC count ≥15 001/μL]), previous versus no previous CDI (in the last 3 months), strain type NAP1/BI/027 versus non-NAP1/BI/027, age <65 versus ≥65 years, inpatient versus outpatient status, and anti-CDI antibiotics (metronidazole or vancomycin) in the previous 24 hours. These were supplemented by 4 baseline biomarkers chosen to reflect underlying disease mechanisms and major morbidities (albumin <25 vs ≥25 g/L, WBC count ≤12 000 vs >12 000/μL, creatinine ≤150 vs >150 μmol/L, and hemoglobin <100 vs ≥100 g/L). Biomarker categorizations were fixed before analysis.
Last, backward selection (exit P = .1) was used to identify independent baseline predictors of persistent diarrhea, recurrence, or death in the combined data using Cox proportional hazards regression models. Factors considered were randomized group, all the factors considered for subgroup analyses as described (treating biomarkers as continuous variables truncated at the 1st and 99th percentiles to reduce the influence of outliers), plus other continuous biomarkers with P < .1 on univariate analysis (alkaline phosphatase, blood urea nitrogen [BUN], calcium, cholesterol, chloride, eosinophils, lactate dehydrogenase, urate, neutrophils, lymphocytes, creatinine clearance [estimated using the Cockcroft-Gault formula], sodium, and potassium values), and categorical variables (sex, race, and metronidazole failure); values for aspartate aminotransferase, alanine aminotransferase, bicarbonate, bilirubin, globulin, glucose, monocytes, phosphate, triglycerides, and platelets were not significant (P > .1) on univariate analyses and were not considered in backward elimination. Any factor with significant (P < .1) heterogeneity between effects in the first 0-12 days subsequently was allowed to be included in the model with this time interaction, as were any significant interactions with randomized groups (P < .1) on bivariate analyses.
RESULTS
Combined 003 and 004 Studies
A total of 1164 participants were enrolled in either study 003 or 004 [17, 18] : there was no evidence of heterogeneity in the primary and secondary outcomes in either the mITT or per-protocol populations (P > .3, Figure 1 ). Overall results also demonstrated noninferiority of fidaxomicin compared with vancomycin for clinical cure and superiority of fidaxomicin over vancomycin for recurrence and global cure (P < .0001). Figure 2 shows the Kaplan-Meier curve for persistent diarrhea, recurrence, or death. Of note, there was no evidence of heterogeneity in treatment effect 0-12 versus 13-40 days after randomization (P = .50), with a significant advantage evident for fidaxomicin versus vancomycin even through 0-12 days (hazard ratio [HR], 0.61 [95% CI, .39-.98]; P = .03), which was maintained over days 13-40 (HR, 0.51 [95% CI, .39-.67]; P < .0001). In contrast to the mITT and per-protocol analyses, the only patients who count as failures before 12 days in the ITT analysis are deaths occurring within 12 days of randomization, which occurred in 7 of 572 (1.2%) participants randomized to fidaxomicin versus 17 of 592 (2.9%) randomized to vancomycin (exact P = .06). The FDA requires that other participants not assessed posttreatment (early withdrawals) be treated as failures for licensing studies, even though this assumption is not necessarily conservative for the treatment effect [19] [20] [21] . A total of 55 of 592 (9.3%) vs 54 of 572 (9.4%) participants in the fidaxomicin versus vancomycin groups were early withdrawals, respectively; stated reasons were adverse events (16 vs 16), withdrawal by subject (12 vs 14) , and no reason stated (27 vs 24) . In the ITT analysis, these events are assumed to be uninformative with respect to the outcome. This assumption is plausible given that (1) the median day of early withdrawal was 3 (interquartile range [IQR], 2-5) before treatment response would have been expected, (2) there is no evidence that blinding was compromised, and (3) these events occurred equally in both arms at a median of 3 (IQR, 2-6) and
Subgroup Analyses
Overall, through 40 days, we found no evidence that the benefits of fidaxomicin over vancomycin varied according to disease severity, prior history of CDI, previous anti-CDI antibiotics, inpatient/outpatient status, age, baseline albumin level, or baseline creatinine level (P > .35; Figure 4 ). Benefits associated with fidaxomicin were significantly greater in those with non-BI/NAP1/PCR ribotype 027 strains (P = .04) and those with baseline hemoglobin level ≥100 g/L (P = .03). There was also a trend (P = .09) to somewhat greater benefits in those with WBC count ≤12 000/μL. However, of note, the data were consistent with a 22% reduction in persistent or recurrent diarrhea or death in those with BI/NAP1/PCR ribotype 027 strains, which accounted for 292 of the 814 strains assayed (36%). This did not reach statistical significance within this underpowered subgroup (95% CI, 44% reduction to 8% increase; P = .14). There was no subgroup in which fidaxomicin performed more poorly than vancomycin.
Subgroup analyses restricting to the first 12 days ( persistent diarrhea or death) showed similar results ( Figure 5 ), except that there was now no evidence that the benefits associated with fidaxomicin varied according to strain type (P = .59) or WBC count (P = .40). Greater benefits from fidaxomicin in those with normal or mildly impaired hemoglobin versus moderately/severely abnormal values persisted (P = .02).
Risk Factors
Independent predictors in the final multivariate ITT model are shown in Table 1 : randomization to fidaxomicin versus vancomycin reduced the risk for persistent diarrhea, recurrence, or death by 52% (95% CI, 37%-63%; P < .0001) even after adjustment for other factors. Persistent diarrhea or death in the first Figure 1 . Results of primary and secondary outcomes for studies 003 and 004. Individual results for each prespecified primary and secondary outcome are presented for studies 003 and 004 separately and are combined using fixed-effects meta-analysis in the modified intent-to-treat and perprotocol populations. The primary endpoint Clinical Cure is shown as the converse No Clinical Cure, and the secondary endpoint Global Cure, as the converse No Global Cure, so that relative risks for fidaxomicin versus vancomycin of <1 consistently indicate reduced risk for poor outcome with fidaxomicin. Abbreviations: CI, confidence interval; RR, relative risk.
12 days was predicted most strongly by previous anti-CDI antibiotics in the 24 hours before randomization (P = .0001), and low baseline eosinophil count (P = .007) and/or albumin level (P < .0001) at randomization. Eosinophils and previous antibiotic therapy had no effect on events from days 13-40 (recurrence or death), but patients with low albumin levels at CDI diagnosis remained at increased risk for recurrence or death. Although there was no evidence that previous CDI in the last 3 months strongly affected persistent diarrhea/death in the first 12 days, it was associated with a 68% higher risk for recurrence or death (days 13-40). Patients with an elevated BUN level or lower creatinine clearance at CDI diagnosis had slightly higher risks for persisting diarrhea, recurrence, or death throughout follow-up (days 0-40). In this multivariate model, there was no evidence of increased risk for recurrence in patients with lower hemoglobin levels receiving fidaxomicin (P = .96). Strain typing information was available for only 814 (70%) of the trial participants' isolates: effects of factors in Table 1 
DISCUSSION
In the recently reported trials (studies 003 and 004) using FDA-recommended mITT and per-protocol populations, fidaxomicin was shown to be noninferior to vancomycin for clinical cure, the primary prespecified endpoint [17, 18] . It was also shown to be superior to vancomycin for the 2 secondary endpoints, recurrence and global cure.
The antimicrobial properties of fidaxomicin have been shown to have several advantages over vancomycin in a range of settings. Fidaxomicin is bactericidal [11] and exhibits substantially higher inhibitory activity [12] [13] [14] [15] [16] , has a more prolonged postantibiotic effect [22] , and is narrower in spectrum both in vitro [12] [13] [14] [15] and in vivo [23, 24] than vancomycin [11] , which is bacteriostatic. This advantageous activity extended to the BI/NAP1/PCR ribotype 027 strains in vitro [11] . The lack of advantage of fidaxomicin observed in the mITT and perprotocol analyses of clinical cure was therefore disappointing. To further explore the relative benefits of fidaxomicin versus vancomycin, we conducted a post hoc exploratory time-toevent analysis, following the ITT analysis strategy used most commonly in nonlicensing trials.
This ITT analysis showed an overall 40% (95% CI, 26%-51%; P < .0001) reduction in persistent diarrhea, recurrence, or death during the 40-day follow-up. Interestingly, the ITT analysis through day 12 also showed a 37% (95% CI, 24%-60%; Figure 2 . Persistent diarrhea, recurrence, or death. Study treatment was administered for 10 days and clinical cure was assessed at 12 days, at which time persistent diarrhea (>3 stools/24 hours and toxin A and/or B positive or requiring anti-Clostridium difficile infection [CDI] treatment) was defined as clinical failure. The events occurring before day 12 are deaths and the step increase in events at day 12 represents cases assessed to have persistent diarrhea at the posttreatment assessment. Events from day 13 to day 40 represent CDI recurrence or deaths. Abbreviation: HR, hazard ratio. P = .037) reduction in persistent diarrhea or death, which differed from the mITT or per-protocol analyses that suggested smaller nonsignificant early benefits of fidaxomicin versus vancomycin. Furthermore, there was no evidence of heterogeneity between the beneficial effects of fidaxomicin prior to or after day 12 in the ITT analysis, supporting a consistent advantage for fidaxomicin compared with vancomycin treatment both early and late. Even though this beneficial effect is biologically plausible given the in vitro microbiological properties of fidaxomicin, the results from this post hoc exploratory analysis will need to be separately confirmed in further studies.
Subgroup analyses also supported benefits for fidaxomicin over vancomycin across all subgroups other than severe anemia (hemoglobin <100 g/L) or for BI/NAP1/PCR ribotype 027 strains, providing reassurance for its likely benefit in widespread clinical practice. There is no obvious mechanistic explanation for the lack of effect in severe anemia, although the fact that this interaction did not persist in a fully adjusted multivariate model suggests that it could be a consequence of confounding. In contrast, smaller benefits among BI/NAP1/ PCR ribotype 027 strains were observed in subgroup analyses and multivariate models. The nonsignificant benefit of 22% for persistent diarrhea, recurrence, or death observed for fidaxomicin compared with vancomycin in these strains contrasts with the clear benefit evident for non-BI/NAP1/PCR ribotype 027 strains. However, given that only 292 of the 814 strains assayed were BI/NAP1/PCR ribotype 027, even the combined dataset is underpowered to conclude that fidaxomicin has no beneficial effect for treating BI/NAP1/PCR ribotype 027 strains, which was suggested in the previously reported mITT and per-protocol analyses [17] . The perils of concluding lack of benefit in underpowered subgroups of patients are well recognized in the medical literature [25, 26] .
The ITT analysis was used to investigate the independent risk factors for outcomes using Cox regression. The overall benefit of fidaxomicin compared with vancomycin was clearly confirmed, even after adjustment for other important predictors. Previous vancomycin or metronidazole treatment in the 24 hours before randomization, low eosinophil count (<0.1 × 10 9 /L), and low albumin level were independent predictors of persistent diarrhea or death in the first 12 days. Previous anti-CDI antibiotic treatment as defined here is likely to be specific to this trial design and may be an indication of cases with more severe disease receiving empiric anti-CDI antibiotics preenrollment. Low eosinophil count has not been observed as a risk factor previously, although it may reflect immunosuppression associated with, for example, steroid treatment typical of transplant or cancer patients who are recognized as being at risk for a worse outcome from CDI in some [27] , but not all [28] , studies. Low albumin level is a well-recognized predictor of poorer outcome [28] .
The only independent factor strongly associated with longer-term recurrence or death (days 13-40) was a previous episode of CDI in the preceding 3 months, consistent with higher risks for second CDI recurrences in cases already experiencing a first recurrence [29] . Overall, a low calculated creatinine clearance or elevated BUN level was independently associated with a slightly higher risk for persistent diarrhea, recurrence, or death. Elevated creatinine level in particular has been previously reported as a risk factor for a poor outcome [5, 28] . In contrast to other well-designed studies, having adjusted for these other factors, age and WBC count (including neutrophil count) were not independently associated with poor outcome [5, 26, 28] , nor was disease severity at randomization. Lack of an independent effect of age in particular is likely a consequence of baseline biomarkers lying on the causal pathway between age and poorer outcome, in other words, strong univariate associations between older age and In contrast to a recent report, the BI/NAP1/PCR ribotype 027 strain was not associated with a poor outcome [26] , possibly reflecting the inclusion of only a subset of patients with better underlying health status in these randomized trials. Although the associations found between baseline factors and outcome within this subpopulation cannot be a consequence of bias, whether our findings generalize to a wider patient pool requires confirmation in further studies.
In summary, data from the 2 licensing trials comparing fidaxomicin versus vancomycin suggest that this drug has the potential to substantially improve outcomes from this important healthcare-associated infection. Additional observational studies as it becomes more widely used in clinical practice will be important for further defining its optimal use. All models stratified by study (003 or 004). Multivariate model fitted on 994 complete cases. No additional effect of severity (P = .64); inpatient versus outpatient status (P = .65); age (P = .42); sex (P = .54); race (P = .43); metronidazole failure (P = .76); or alkaline phosphatase (P = .16), creatinine (P = .78), lactate dehydrogenase (P = .12), urate (P = .15), hemoglobin (P = .80), neutrophils (P = .13), lymphocyte (P = .93), white blood cell count (P = .25), calcium (P = .56), sodium (P = .91), potassium (P = .57), chloride (P = .82), and cholesterol levels (P = .64).
Notes
Abbreviations: BUN, blood urea nitrogen; CDI, Clostridium difficile infection; CI, confidence interval; het, heterogeneity; HR, hazard ratio; ITT, intent-to-treat. a Anti-CDI antibiotics in this study were metronidazole and vancomycin.
